Optical spectroscopy study on CeTe 3 : evidence for multiple charge-density- wave 
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We performed optical spectroscopy measurement on single crystal of CeTe3, a rare-earth element 
tri-telluride charge density wave (CDW) compound. The optical spectra are found to display very 
strong temperature dependence. Besides a large and pronounced CDW energy gap being present 
already at room temperature as observed in earlier studies, the present measurement revealed the 
formation of another energy gap at smaller energy scale at low temperature. The second CDW gap 
removes the electrons near Ef which undergo stronger scattering. The study yields evidence for the 
presence of multiple CDW orders or strong fluctuations in the light rare-earth element tri-telluride. 

PACS numbers: 78.30.Er, 78.40.Kc, 75.50.Cc 



I. INTRODUCTION 

Collective quantum phenomena, such as charge density 
wave (CDW) and spin density wave (SDW) , are among 
the most fascinating phenomena in solids and have been 
a subject of considerable interest in modern condensed 
matter physics. Most of CDW or SDW states are origi- 
nated from the nesting topology of Fermi surfaces. This 
results in a divergence or strong anomaly in susceptibil- 
ity at the nesting wave vector, leading to an instability 
of the electronic structure. The CDW or SDW states are 
stabilized via electron-phonon or electron-electron inter- 
actions by opening up energy gaps in the nested regions of 
the Fermi surfaces, which thus leads to a lowering of the 
electronic energies of the occupied states. Formation of 
an energy gap at the transition has been generally taken 
as a characteristic feature of a CDW or SDW order. 

Among various CDW materials, the rare-earth tri- 
telluride RTe3 (R=Y, La, and rare earth elements) has at- 
tracted much attention^ due to their widely tunable prop- 
erties by either chemical substitutions 2-5 or application 
of pressure 5 - - — . RTe3 has a layered structure*^ (inset of 
Fig. 1), consisting of the alternate stacking of insulating 
corrugated RTe slabs and two square Te-layers along the 
b-axis. The crystal lattice is weakly orthorhombic, which 
belongs to the space group Cmcm(No. 63)2. Under much 
high pressure, the difference between the two short axes 
gradually disappears and the structure seems to undergo 
a transition from orthorhombic to tetragonal 5 . R in the 
compound is trivalent, donating three electrons to the 
system. They completely fill the Te p orbitals in the RTe 
slabs, but partially those Te p orbitals in the square Te- 
layer a 10 ' 11 . Metallic conduction occurs in the Te layers, 
leading to highly anisotropic transport propertie a 10 ! 12 . 

Band structure calculations indicate two very simple 
Fermi surface a 4 ' 13 which exhibit little dispersion along b 
axis. It is revealed by ARPES 11 ' 14 that the nesting of 
the Fermi surfaces drives the CDW instability. In the 
family the incommensurate nesting wave vector is about 
much the same which is along the c* in the base plane of 
the reciprocal space 1 -! 1 - 5 -. Angle resolved photon emission 



spectroscopy measurement demonstrated the gap scale 
distribution in the first brillouin zone, which reaches the 
maximum in the optimal nested region at fc^O and de- 
creases to zero far from a* axis 4 -. The maximum gap 
value decreases from light to heavy rare-earth element. 
For CeTe3, a very large energy gap (« 400 meV) 1 - 1 - has 
been revealed by ARPES. It is expected by the mean 
field theory that the CDW transition should appear even 
above the melting temperature of the compound^ 5 -. How- 
ever, the CDW ordering temperatures are found to be 
substantially reduced from the light to heavier rare earth 
elements^. 

Optical spectroscopy is a powerful technique to probe 
the energy gap in the ordered state. It also yields fruitful 
information about conducting carrier response. Optical 
measurements on CeTe3 at room temperature 2 - and un- 
der pressure^ have been reported, which provided clear 
evidence for the formation of the partial energy gap 1 - 1 - 
in CDW state and its evolution with pressure. Since 
the CDW transition temperature of this compound is ex- 
tremely high 3 -, the room temperature is believed to be al- 
ready deeply into the CDW state, and it is claimed that 
no temperature dependence exists in the optical spec- 
tra below room temperature- 2 . Here we present a tem- 
perature dependent optical measurement on CeTe3. In 
contrast to the early assertion, we observed a prominent 
temperature dependence of the optical spectra. Much 
more surprisingly, our measurements revealed a new gap 
structure developing below 300 K at lower energy scale, 
evidencing the formation of another CDW order at low 
temperature. 



II. EXPERIMENT AND RESULTS 

The single crystals of CeTe3 were grown by a self-flux 
method 12 . Ce and Te elements with the molar ratio of 
1:40 were mixed, then put into a alumina crucible and 
scaled in a quartz tube under vacuum. The mixture was 
heated to 860 °C and stayed for 10 hours, then slowly 
cooled to 560 °C at a rate of 3 °C/h. At the end tern- 
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FIG. 1: (Color online) The (OkO) x-ray diffraction pattern of 
single crystal CeTe3. The strongest peak(intensity up to near 
10 ) is only partially displayed in order to show other peaks 
clearly. Inset shows the crystal structure. 



perature the rest flux Te is still in liquid and separated 
from the crystals in a centrifuge. Plate-like single crys- 
tals with the dimension of 3x3 mm 2 were obtained af- 
ter breaking the crucible. The samples are stored in a 
glove-box under argon atmosphere since the compound 
is somewhat air and moisture sensitive. The crystals were 
characterized by the x-ray diffraction (XRD) and scan- 
ning electron microscopy (SEM) measurements. Figure 
1 shows the (OkO) XRD patterns for the single crystal 
samples of CeTe3 with Cu Ka radiation. The XRD pat- 
terns indicate that the samples are of the characteristic 
of good crystallization along the b axis. The obtained 
b-axis lattice parameter is b=26.0348 A, which is consis- 
tent with reported lattice parameter in literature^. The 
energy dispersive spectroscopy (EDS) analysis equipped 
with the SEM indicates the correct Ce:Te=l:3 ratio. 

The temperature dependent in-plane (ac-plane) resis- 
tivity was obtained by the four contact technique in a 
Quantum Design physical properties measurement sys- 
tem (PPMS) and plotted in figure 2. The resistivity 
shows good metallic behavior below room temperature. 
In agreement with previous studies^, a sharp drop near 
3 K is observed, which could be attributed to the anti- 
ferromagnetic ordering of the spins from the localized 4f 
electrons of Ce & 12 ' 16 . The above characterizations indi- 
cate a good quality of the single crystal. 

The near-normal incident reflectance spectra were 
measured by Bruker IFS 113v and 66v/s spectrometers 
in the frequency range from 40 to 25000 cm -1 . An in 
situ gold and aluminium overcoating technique was used 
to get the reflectivity R(w). The real part of conductivity 
o\ (uj) is obtained by the Kramers-Kronig transformation 
of R(w). A Hagen-Rubens relation was used for low fre- 
quency extrapolation. A constant value was used for high 
frequency extrapolation up to 100000 cm -1 , above which 
a w" 4 dependence is employed. 

Figure 3 shows the R(w) spectra up to 6500 cm -1 with 



its inset revealing the expanded range up to 25000 cm -1 . 
Meanwhile, the real part of conductivity <Ji(u>) is dis- 
played in figure 4. At room temperature, the reflectance 
R(w) shows rather high values at low frequency, but de- 
creases rapidly with increasing frequency. A pronounced 
dip is seen near 3500 cm" 1 . This leads to a strong peak 
in the <Ti(w), roughly near 4600 cm -1 . The spectra pro- 
vides optical evidence for the presence of an energy gap 
at room temperature 3 . The room temperature data are 
consistent with those reported in earlier studies 2 . Besides 
this peak in the mid-infrared region, there exists a very 
sharp Drude component centered at zero frequency. The 
spectra demonstrate that the compound remains metal- 
lic even it is in the CDW state. This is also clearly il- 
lustrated in the above resistivity measurement 1 ^. Obvi- 
ously, the Fermi surfaces are only partially gapped in the 
CDW state^ii^. 

Surprising results were observed at low temperatures. 
Roughly above but near 200 K, we can identify the devel- 
opment of a new shoulder near 2700 cm" 1 in R(w) and it 
becomes more and more dramatic with the temperature 
decreasing. Furthermore, the dip near 3500 cm" 1 shifts 
to higher frequency and becomes much more pronounced 
than the high temperature data. Then, in the <j\ (uj) spec- 
tra, a new peak develops near 2800 cm" 1 . Meanwhile, 
the spectral weight in the mid-infrared region near this 
area is strongly suppressed and transferred to the very 
strong peak near 5000 cm -1 , causing a sizeable shift of 
original CDW gap towards higher energy. The transfer 
of the spectral weight is clearly seen in the inset of Fig. 
4. As we shall explain below, the new peak developed 
near 200 K is an indication of new energy gap structure, 
which could be ascribed to the formation of a new CDW 
order. The change of the spectral weight at higher ener- 
gies suggests that the band structure is substantially re- 
constructed with the formation of the new order™. Addi- 
tionally, the free carrier behaviors also change in response 
to the formation of the new CDW gap. The reflectance 
edge near 2500 cm -1 becomes sharper than the edge at 
high temperatures, reflecting a reduction of the free car- 
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FIG. 2: (Color online) The temperature dependent in-plane 
(ac-plane) resistivity of single crystal CeTe3. Inset: the ex- 
panded plot of p(T) in the low temperature range. 



3 



rier scattering rate. 

It is also worth noting that a small peak feature near 
2200 cm -1 in R(w) develops along with the appearance 
of the above mentioned shoulder while temperature de- 
creases, which also leads to a peak in the <Ji(lo) spectra 
roughly at the same frequency. Different from the no- 
table shift of the two broad peaks corresponding with the 
two CDW orders, the small peak position changes little 
at varied temperatures. We noticed that it couldn't be 
ascribed to the phonon mode because it locates at such 
high energy which is not expected based on the atomic 
mass of both Ce and Te. The origin of the peak remains 
to be explored. 
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III. DISCUSSION 

We shall first elaborate the change of the conducting 
electrons with the development of the new energy gap. To 
estimate in a quantitative way, we decompose the conduc- 
tivity spectra into Drude and Lorentz components at two 
representative temperatures, 300 K, the room tempera- 
ture, and 10 K, the lowest measurement temperature: 



iuj/r D 



N 

E; 



(1) 



Here, is the dielectric constant at high energy, the 
middle and last terms are the Drude and Lorentz com- 
ponents, respectively. The results are shown in Fig. 5. 
At room temperature, the ai(uj) spectrum could be well 
reproduced by two Drude components and two Lorentz 
terms. The two Drude components, one with very nar- 
row peak width and one with much broader peak width, 
describe the conducting carrier responses arising from 
different bands or Fermi surfaces. The Lorentz peak 
structure near 4800 cm -1 reflects the CDW gap. At 
10 K, one more Lorentz component near 2800 cm -1 is 
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FIG. 3: (Color online) The temperature dependent reflectivity 
of CeTe3 in the range from 40 to 6500 cm -1 . Inset shows 
the R(ttj) at two representative temperatures over a broad 
frequency range from 40 to 25000 cm -1 . 



FIG. 4: (Color online) The frequency dependence of the real 
part of optical conductivity at different temperatures. Inset 
shows the o\ (lj) at 10 K and 300 K over a broad energy range. 



added to reproduce the new CDW gap feature. How- 
ever, the broader Drude component becomes intensively 
suppressed while the narrow Drude component displays 
a relatively smaller change. The fit parameters for the 
Drude-Lorentz model are listed in table 1. In general, we 
found that both the uj p and 1/r decrease at lower tem- 
perature. This result could be easily interpreted: the for- 
mation of the new CDW gap further removes those elec- 
trons near which experience stronger scattering, lead- 
ing to a reduction of conducting carrier density; mean- 
while the scattering rate is reduced due to the reduction 
of scattering channels. It is noted that in the dc resis- 
tivity p(T) of CeTe3, no obvious anomaly below 300 K 
was observed^. This is also understandable. From the 
semi-classic Boltzmann transport theory, the resistivity 
is determined by the complex function of Fermi velocity, 
the scattering rate, and their weighted integral over the 
whole FS. Whether p(T) shows an anomaly depends on 
the balance of those quantities which could experience 
substantial changes across the transition. 

The central issue of the present paper is the observa- 
tion of the new gap feature at about 2800 cm -1 near 200 
K. As the gap formation is a characteristic feature for a 
density wave instability, the structure could naturally be 
ascribed to a new CDW order at low temperature. From 
the analysis of the free carrier response, we found that 
the new CDW order mainly occurs in the bands or Fermi 
surfaces responsible for the broader Drude component. 
Those states were gapped away from the Fermi level E^?. 
As we already pointed out, not only those states were af- 
fected by the new order, the bands far away from the Ep 
were also influenced as well, because the gap correspond- 
ing to the first CDW at high temperature was shifted 
to higher energy, and there is a spectral weight transfer 
from the low energy to high energy as well. 

It deserves to remark that the new CDW order devel- 
oped at low temperature in CeTe3 as indicated by the 
present measurement was not seen by any other experi- 
mental techniques previously^^ i 11 ! 14 ! 16 . We emphasize 
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TABLE I: Temperature dependence of the plasma frequency uu p and scattering rate to of the Drude term, the resonance 
frequency 6Jj, the width Ti and the square root of the oscillator strength Si of the Lorentz component (all entries in 10 3 cm -1 ). 
Two Drude terms and other two low energy Lorentz ones are displayed at room temperature. One more Lorentz mode is added 
at 10K. 
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here that the optical spectroscopy measurement is a bulk 
probe technique. One needs to further examine carefully 
the data from other measurement techniques. In fact, the 
two different CDW orders were observed in a number of 
heavy rare-earth based RTe3 compounds with the sec- 
ond transitions occurring between 50 to 200 K2 i 17 i 18 , our 
measurement suggests that similar second CDW transi- 
tion is also present in the light rare-earth element based 
compound. Even if the static CDW is not formed, the 
very strong CDW fluctuations are already present. 

IV. CONCLUSIONS 

To conclude, we report an optical study of the single 
crystal CeTe3, a rare-earth element tri-telluride, which 
belongs to the layered quasi-two-dimensional charge den- 
sity wave systems. We observed strongly temperature de- 
pendent optical spectra, which is in sharp contrast to the 
early report. Besides the large CDW gap feature which 
already exists at room temperature, we also observed the 
development of another CDW order near 200 K. The sec- 
ond CDW gap at low temperature removes the electrons 
near which undergo large scattering. The Fermi sur- 
face is still partially gapped with good metallic behavior 
exhibiting in the entire temperature range. 
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FIG. 5: (Color online) The experimental data of ai(uu) spec- 
trum at 10 K and the Drude-Lorentz fit result. Each term is 
displayed in the dashed line at the bottom. Inset shows the 
result at 300 K. 
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